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The faithful replication of nuclear and organellar 
genomes depends on the regulation of dNTP pools, 
which can be synthesized either de novo, by a path-
way whose limiting step is catalyzed by ribonucleotide 
reductase, or by a salvage pathway (Kafer et al., 2004; 
Zrenner et al., 2006). The salvage pathway recycles 
nucleotides by converting deoxynucleosides into the 
corresponding nucleotides by the action of nucleotide 
kinases. The salvage pathway is more energetically effi-
cient than de novo synthesis and may be the preferred 
pathway to meet high demands for DNA synthesis during 
rapid cell proliferation or for DNA repair (Moffatt et al., 
2002). It is therefore not surprising that the de novo 
and salvage pathways are coordinated during seed 
germination in plants. Two distinct phases have been 
proposed: “salvage synthesis” at the inception of ger-
mination, and “de novo synthesis” at later stages of 
germination (Stasolla et al., 2003).
Thymidine kinase (TK) is a crucial enzyme in the 
pyrimidine salvage pathway. TK contributes to the 
deoxythymidine triphosphate (dTTP) pool by phos-
phorylation of deoxythymidine (dT) into dT mono-
phosphate (dTMP), which is rapidly converted by 
mono- and diphosphate kinases to dTTP (Zrenner 
et al., 2006). In metazoan, there are two types of TKs, 
TK1 and TK2, which are unrelated in sequence and 
are found in the cytoplasm and mitochondria, respec-
tively (Konrad et al., 2014). The Arabidopsis (Arabidop-
sis thaliana) genome encodes two paralogs of animal 
TK1, named either TK1A and TK1B (Clausen et al., 
2012; Pedroza-García et al., 2015) or TK1 and TK2 (Xu 
et al., 2015). To avoid confusion with TK2 from ani-
mals, we use the TK1A/TK1B nomenclature. TK1A is 
cytosolic, while TK1B is found in mitochondria (Xu 
et al., 2015). While mutants for each gene are not 
affected in their development, the tk1A tk1B dou-
ble mutants are albino and do not pass the seedling 
stage, suggesting that TK1 depletion in Arabidopsis 
affects chloroplast biogenesis (Clausen et al., 2012; 
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Xu et al., 2015). Like animal TK1 that only phosphor-
ylates dT and deoxyuridine, both TK1A and TK1B 
from Arabidopsis have narrow substrate specificities 
and can mainly phosphorylate dT, deoxyuridine, 
and deoxycytidine (dC), with much less affinity for 
dC (Clausen et al., 2012; Xu et al., 2015). A gene cod-
ing for a protein with similarities to human (Homo 
sapiens) TK2 exists in Arabidopsis, but this TK2-like 
protein is a multisubstrate deoxyribonucloside kinase 
(dNK) that can phosphorylate dA, dG and dC, but 
not thymidine (Clausen et al., 2012). Thus, the TK1-
like enzymes are the sole proteins with TK activity in 
plants.
The importance of dTMP pools on faithful genome 
replication is patent in animals, where absence of de 
novo dTMP synthesis because of folate deficiency re-
sults in genome instability and deoxyuridine misin-
corporation into nuclear DNA (Blount et al., 1997). The 
mutation of the animal mitochondrial TK2 is asso-
ciated with mitochondrial DNA (mtDNA)-depletion 
and severe mitochondrial dysfunction in humans and 
mice (Mus musculus; Zhou et al., 2008).
In plants, changes in nucleotide pools have major 
consequences on plant development, with a pronounced 
effect on chloroplast biogenesis. For example, the 
mutation of ribonucleotide reductase genes results in 
abnormal leaf and flower morphology, reduced root 
growth, and variegation (Garton et al., 2007). These 
phenotypes correlate with a deficiency in chloroplast 
division and a reduced copy number of the plastid-
ial genome (cpDNA). Similarly, inactivation of an 
uracil phosphoribosyltransferase gene (UPP) results 
in chlorotic phenotypes because of deficient chloro-
plast biogenesis (Mainguet et al., 2009). UPP codes 
for the major uracil phosphoribosyltransferase activ-
ity of Arabidopsis, which is required for the salvage 
of pyrimidines by catalyzing the formation of uridine 
monophosphate. UPP is targeted to plastids, showing 
that uracil salvage takes place predominantly in chlo-
roplasts.
While it is well established and unsurprising that 
nucleotide pools affect plant development and chlo-
roplast biogenesis, the direct effects on the replication 
of the organellar genomes have not been addressed. 
Here, we describe a mutant deficient in the single TK 
of maize (Zea mays), chloroplast TK1 (CPTK1). The 
cptk1 mutant displays an albino seedling phenotype 
and a deficiency in plastidial translation. We show 
that CPTK1 is targeted to both chloroplasts and mi-
tochondria and that its loss results in a severe reduc-
tion in cpDNA copy number, the magnitude of which 
varies among different regions of the genome. This 
variation appears to be due to the accumulation of 
truncated subgenomes and the recruitment of alter-
native origins of replication. Characterization of the 
Arabidopsis orthologs confirms the importance of the 
organellar TKs on cpDNA replication early in plant 
development and reveals an additional role in cpDNA 
repair.
RESULTS
A Chloroplast-Localized Salvage Pathway for Nucleotide 
Synthesis Is Required for Chloroplast Differentiation and 
Normal Accumulation of cpDNA
To identify genes involved in maintenance of cpD-
NA, we screened approximately 100 albino mutants 
selected from a large collection of nonphotosynthetic 
maize mutants (Belcher et al., 2015) for reduced cpD-
NA copy number (see Supplemental Fig. S3 of Udy et al. 
[2012]). We used quantitative PCR (qPCR) to quantify 
DNA from the PSII reaction center protein C (psbC) and 
NADH dehydrogenase subunit1 (ndhA) genes, which 
map to the large and small single-copy regions (LSC 
and SSC) of the chloroplast genome, respectively. Two 
mutant plants derived from closely related ears had a 
reduced amount of DNA from both genes. Interesting-
ly, the reduction of ndhA DNA was more severe than 
that of psbC DNA (Fig. 1). Albino progeny of heterozy-
gous siblings of these plants displayed an even more 
severe reduction in DNA from both loci (Fig. 1B). By 
contrast, mtDNA, which we evaluated by quantifica-
tion of mitochondrial ATP synthase subunit 6 (atp6) 
and ribosomal protein S12 (rps12) sequences, was un-
changed or slightly elevated in the affected plants. In-
creased mtDNA copy number was observed for many 
of the other albino mutants in the initial screen (see 
Supplemental Fig. S3 of Udy et al. [2012]), leading us 
to suspect that this is a secondary effect of chloroplast 
dysfunction.
These mutants arose in maize lines with active Muta-
tor (Mu) transposons. To identify the causal mutation, 
Mu insertions that cosegregate with the mutant pheno-
type were identified using a deep-sequencing approach 
(Williams-Carrier et al., 2010). An insertion in the first 
exon of gene GRMZM2G048821 was found in each of 
the two mutants identified in the original qPCR screen 
and in four other mutants from various branches of the 
same pedigree (Fig. 1A). This insertion was either het-
erozygous or absent in siblings of normal phenotype 
(Supplemental Fig. S1). The gene harboring this inser-
tion, GRMZM2G048821, is a predicted ortholog of the 
Arabidopsis type 1 TKs TK1A and TK1B (see http://
cas-pogs.uoregon.edu/#/pog/13546). Because a differ-
ent maize gene had already been assigned the name tk1, 
we named this maize gene cptk1. We observed a signifi-
cant decrease (P = 0.011, unpaired Student’s t test) in TK 
activity in the cptk1 mutant when total leaf extracts were 
assayed for TK activity (Supplemental Fig. S2), support-
ing the view that CPTK1 is an active TK enzyme.
A phylogenetic tree (Supplemental Fig. S3A) shows 
that type 1 TK is encoded by a single gene in non-
flowering plants and in Poaceae (e.g. maize cptk1), 
while a second gene was acquired during the evolu-
tion of eudicots, giving the co-orthologs TK1A and 
TK1B found in Arabidopsis. Maize cptk1 and Arabi-
dopsis TK1A have the same number and positions of 
introns, indicating that they derive from the same gene 
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ancestor, while Arabidopsis TK1B lacks introns (Sup-
plemental Fig. S3C). This suggests that TK1B originat-
ed by reverse-transcriptase mediated duplication of a 
TK1A-like ancestor after the divergence of monocots 
and dicots. Subcellular targeting predictions suggest 
that TK1 from nonflowering plants and monocots, and 
TK1B from eudicots are targeted to organelles, with a 
majority of the programs giving a chloroplastic pre-
diction (Supplemental Fig. S3B). On the contrary, none 
of the TK1A sequences from eudicots are predicted to 
have organellar targeting sequences, suggesting that 
after the gene duplication event that created TK1B, the 
ancestral TK1A gene lost its N-terminal targeting se-
quence and assumed nonorganellar functions.
The cptk1 mutant phenotype and targeting predic-
tions suggested that CPTK1 acts inside chloroplasts. 
Plastid-localization of a pyrimidine salvage pathway is 
in agreement with the presence of a nucleobase trans-
porter in the plastid envelope, which provides plastids 
with the precursors for pyrimidine salvage (Witz et al., 
2012). Indeed, the initial steps of pyrimidine and purine- 
nucleoside cleavage depend on nucleoside hydrolase1, 
which is located in the cytosol (Jung et al., 2009, 2011). 
The main salvage of uracil was also reported to take 
place in plastids (Mainguet et al., 2009). We tested the 
subcellular targeting of CPTK1 by fusing its coding 
sequence to eGFP and transiently expressing the fusion 
protein in Nicotiana benthamiana leaf epidermal cells 
and in onion (Allium cepa) epidermal cells (Fig. 2). 
CPTK1-GFP localized to both chloroplasts and mito-
chondria in N. benthamiana, as indicated by colocal-
ization with chlorophyll autofluorescence and with 
mitochondrial-targeted DsRed, respectively (Fig. 2, A 
and C). The mitochondrial localization was only visible 
at enhanced exposure conditions where the plastidial 
signal was already saturated. At conditions optimal for 
plastid visualization the GFP signal was seen in bright 
foci that could be nucleoids and in stromules (Fig. 2B). 
Dual localization to mitochondria and plastids was 
also observed in onion epidermal cells (Fig. 2, D and 
E), where plastids were easily identified by distinctive 
stromules and mitochondria by their smaller size and 
characteristic cytoplasmic puncta.
In Arabidopsis, TK1A is reported to be a cytosolic 
protein, while TK1B is described as solely targeted to 
mitochondria (Xu et al., 2015). However, most TK1B 
protein sequences from eudicots are predicted to be 
targeted to chloroplasts, and peptides corresponding 
to TK1B have been identified in a proteome of Arabi-
dopsis chloroplasts (Sun et al., 2009). To resolve this 
issue, we tested the localization of Arabidopsis TK1B: 
GFP in our experimental conditions. When imaged un-
der standard conditions, we observed GFP only inside 
chloroplasts, often as puncta resembling chloroplast 
Figure 1. Albino phenotype and reduced cpDNA copy number in cptk1 plants. A, Pedigree showing the genealogical relation-
ship between the assayed plants. B, Albino phenotype of homozygous cptk1 plants in two different inbred backgrounds. The 
diagram shows the cptk1 gene (GRMZM2G048821 in B73 genome v3) and the positions of the Mu insertion. The target site 
duplication is underlined. The nucleotide position with respect to the start codon is shown in parentheses. C, Quantification of 
mitochondrial and plastid DNA in cptk1 mutants. Each seedling is identified by the number of its family, whose relationships 
are diagrammed in A. Segments of the plastidial psbC and ndhA and mitochondrial atp6 and rps12 genes were assayed by 
qPCR. Results are the mean ± sd of technical triplicates and are represented as a ratio with respect to the wild-type (WT) in a 
log2 scale.
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nucleoids (Supplemental Fig. S4). Thus, like maize CPTK1, 
Arabidopsis TK1B might also be targeted to chloroplasts.
Homozygous maize cptk1 mutants display an albino 
phenotype (Fig. 1B) and die after several weeks of growth, 
as is typical of nonphotosynthetic maize mutants. No 
chlorophyll fluorescence was observed in cptk1 leaves, 
and transmission electron microscopy (TEM) detected 
only undeveloped and/or degenerated plastids (Supple-
mental Fig. S5). Importantly, mitochondria seemed mor-
phologically normal, both at the basal and apical sections 
of the leaf, consistent with the normal (or increased) lev-
els of mtDNA. Thus, although CPTK1 is targeted to both 
organelles, the salvage pathway that depends on CPTK1 
is important primarily for chloroplast biogenesis.
Impairment of cpDNA Replication in Maize cptk1 Plants
As noted above, qPCR data indicated position- 
dependent differences in the magnitude of the cpDNA 
deficiency in cptk1 mutants. These results were remi-
niscent of those seen previously in maize mutants defi-
cient in chloroplast DNA polymerase (Udy et al., 2012) 
and suggested that the loss of CPTK1 causes a defect 
in cpDNA replication. To explore this possibility, the 
relative stoichiometry of cpDNA regions across the ge-
nome was scanned by qPCR using a set of primer pairs 
spaced several kb apart. DNA was examined from 
apical, middle, and basal sections of the leaf, which in 
wild-type plants harbor mature, young, and immature 
chloroplasts, respectively (Supplemental Fig. S6; Leech 
et al., 1973). The magnitude of cpDNA deficiency in 
cptk1 mutants varied along the genome (Fig. 3A). The 
deficiency was most severe in the SSC region and mild-
est near the beta subunit of RNA polymerase (rpoB) 
transcription unit, where the copy number was five 
times higher with respect to the wild type than was 
the SSC. A bidirectional gradient of increasingly severe 
DNA loss emanated from the rpoB gene region. The 
Figure 2. Organellar targeting of CPTK1. A, Dual targeting of CPTK1 fused to GFP into plastids and mitochondria in Nicotiana 
benthamiana leaves. B, Enlarged image of chloroplasts showing foci inside chloroplasts that might be nucleoids. C, Colocaliza-
tion with cox4:dsRED (mtRFP) targeted to mitochondria. D and E, As in A and C, but in onion epidermal cells. A, scale bar 20 
µm; B to E, scale bars 10 µm. WT, wild type.
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magnitude of the cpDNA deficiency was much less in 
the basal leaf section than in the middle and apical sec-
tions, but the topography of the copy number gradient 
was similar in all three leaf sections. This suggests that 
the replication defect responsible for the establishment 
of the copy number gradient occurred early in chlo-
roplast biogenesis and was propagated through sub-
sequent rounds of replication. We observed similar 
cpDNA copy number profiles in different cptk1 mutant 
individuals (Supplemental Fig. S7). By comparison, 
the stoichiometry of sequences along the cpDNA was 
similar among the different leaf sections in wild-type 
plants (Fig. 3B).
We speculated that this copy number gradient 
along the genome results from premature arrests or 
pauses during cpDNA replication due to insufficient 
deoxynucleotide (dNTP) concentrations. According to 
this hypothesis, the position at which cpDNA copy 
number is maximal would correspond to the region 
of replication initiation (see, e.g. Nordman et al., 
Figure 3. Effect of cptk1 mutation on DNA abundance across the plastidial genome. A, Scanning of the cpDNA of cptk1 for 
changes in relative copy number of the different genome regions. Sequences along the cpDNA were quantified on the different 
leaf sectors defined in Supplemental Figure S6. Coordinates are those of the maize cpDNA sequence (accession NC_001666) 
with the LSC in reverse orientation, which seems to be the isomeric orientation of the genome consistent with the copy number 
gradient. The GC skew cumulative plot is superimposed as a gray line. The representation of the genome is shown below, with 
the position of the rRNA genes and of the rpoB, rpoC1, and rpoC2 genes marked. The position of the previously proposed 
origins of replication oriA and oriB are indicated, as well as the possible alternative replication origin active in cptk1 (arrow 
beneath rpoB). B, Comparison of position-dependent change in DNA copy number in middle and apical leaf sections as com-
pared to the basal section in wild-type (WT) plants. Results showed no apparent stoichiometry changes, with variations across 
the genome in the range expected for technical errors. C, As in A for the w2-mum2 mutant deficient in the plastidial DNA 
polymerase (Udy et al., 2012). Values are the mean ± sd of technical triplicates.
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2014; Gowrishankar, 2015). However, the cpDNA re-
gion with the highest copy number in cptk1 mutants 
does not coincide with replication origins that have 
been described for maize and other plant species 
(Chiu and Sears, 1992; Lu et al., 1996; Kunnimalaiyaan 
and Nielsen, 1997; Oldenburg and Bendich, 2004, 
2016; Day and Madesis, 2007). We explored the pos-
sibility that there is a relationship between the copy 
number gradient and GC skew (Fig. 3A), which is 
an asymmetry in G and C content between the two 
DNA strands. In bacteria, replication origins and 
termination regions typically map to minima and 
maxima in cumulative GC skew plots, respectively 
(Grigoriev, 1998; Gowrishankar, 2015). As described 
previously (Oldenburg and Bendich, 2016), the maize 
cpDNA GC skew plots have multiple minima and 
maxima, as expected for genomes that have multiple 
replication origins (Xia, 2012). The previously de-
scribed origins of replication A and B (oriA and oriB) 
sequences are found at slight inflection points in the 
plot. However, a more prominent inflection point 
maps just upstream of the rpoB gene (Fig. 3A). It is 
interesting that the maximum in DNA copy number 
in cptk1 mutants coincides with this minimum in GC 
skew, suggesting that replication might initiate in 
this region in cptk1 mutants.
To elucidate the relationship between the cpDNA 
copy number gradient and DNA replication dynam-
ics in cptk1 mutants, we performed a similar analysis 
on the maize white2 (w2) mutant w2-mum2 which is 
deficient in the plastidial DNA polymerase and exhib-
its a dramatic decrease in cpDNA copy number (Udy 
et al., 2012). Like cptk1, the w2-mum2 mutant is albino 
and does not grow past the seedling stage. Howev-
er, the mechanisms that lead to reduced cpDNA copy 
number in cptk1 and w2-mum2 are fundamentally 
different, because in w2-mum2 it is the polymerase 
that is in limiting amounts and, therefore, replication 
arrests would not be caused by imbalanced dNTP 
concentrations. As reported previously (Udy et al., 
2012), the DNA from the SSC region in w2-mum2 was 
more severely reduced than that from the LSC region 
in the basal leaf section. Interestingly, however, this 
gradient had a different topography than that in cptk1 
(Fig. 3C). In particular, the gradient peak centered in 
the inverted repeat (IR) region in w2-mum2 near the 
oriB sequence proposed as an origin of replication. A 
change in copy number was also found near rpoB in 
the basal leaf section. Therefore, an additional or al-
ternative replication origin in that region might also 
be used early in development under conditions of 
compromised cpDNA replication in genotypes other 
than cptk1.
Defects in cpDNA Replication Are Associated with 
Dramatic Changes in Plastidial RNA Levels and Loss of 
Photosynthetic Complexes in cptk1 Plants
To assess how the reduction in cpDNA in cptk1 
mutants affects the abundance of chloroplast-encoded 
RNAs and proteins, we tested the accumulation of 
representative chloroplast transcripts and proteins by 
RT-qPCR and immunoblot analysis, respectively. The 
RT-qPCR results showed a dramatic reduction in most 
cpDNA transcripts (Fig. 4A), and similar reductions 
between basal and apical sections of the leaf. There 
was no apparent relationship between the change in 
transcript level and the change in gene copy number. 
There was a major reduction in the abundance of the 
23S rRNA in the basal section of the leaf (∼100-fold), 
which is expected to cause a severe defect in plastid 
translation. In general, the abundance of transcripts 
synthesized primarily by the plastid-encoded RNA 
polymerase were reduced, and those synthesized 
primarily by the nucleus-encoded polymerase (NEP) 
were increased. This change in transcript populations 
is typical of albino mutants that are deficient in plas-
tidial ribosomes (e.g. Udy et al., 2012). Immunoblot 
analysis of cptk1 total protein extracts showed severe 
reductions in the levels of a variety of components 
of the photosynthetic apparatus, which was expected 
given the albino phenotype and lack of chloroplast 
rRNA (Fig. 5).
Abortion of cpDNA Replication in cptk1 Mutants Results 
in the Accumulation of Aberrant Genomes Generated by 
Microhomology-Mediated Recombination
Stalled DNA replication can ultimately lead to disso-
ciation of the replication complex, resulting in ssDNA 
gaps that can be processed into double-strand breaks 
(Aguilera and Gómez-González, 2008). If broken ge-
nomes are not repaired, replication cannot be restarted 
and DNA is lost. The observed reduction in certain 
cpDNA regions in cptk1 mutants could reflect genomic 
deletions that result from inaccurate repair or restart 
of replication at ectopic genomic sites. These deleted 
genomes might then be propagated in older tissues, 
where the need for the salvage pathway is apparently 
less critical for genome replication. This could explain 
why the same copy number gradient across the chlo-
roplast genome was maintained from the base to tip 
of the leaf of cptk1 plants, even as the overall cpDNA 
copy number increased. To test this hypothesis, we 
used PCR to amplify predicted truncated genomes de-
leted for part of the IRs and the entire SSC region. Vari-
ous primers flanking this region (Fig. 6) were tested for 
their ability to amplify DNA from the apical leaf sec-
tion of wild-type and cptk1 plants. As expected based 
on the large distance between their binding sites in 
wild-type cpDNA, most primer pairs did not yield any 
product from DNA extracted from wild-type plants 
(Fig. 6A). By contrast, many products were amplified 
from cptk1 mutants. DNA fragments that only ampli-
fied from cptk1 DNA were cloned and sequenced. Most 
sequences resulted from the joining of two distant re-
gions in the genome sharing small repeated sequences 
(2 to 14 nucleotides) at the junction borders (Fig. 6B). 
Such rearranged DNA sequences are characteristic 
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products of error-prone microhomology-mediated re-
pair (MHMR) pathways. It is very unlikely that these 
resulted from template shifting during PCR because 
analogous products were not produced from wild-
type DNA.
To confirm and extend these observations, we 
analyzed DNA from cptk1 and wild type by deep 
sequencing. We sequenced total DNA from the apical 
region of a seedling leaf, obtaining 47,137 and 27,378 
150-nt reads mapping to the cpDNA of wild type 
and cptk1, respectively, out of a total of ∼1.5 million 
reads in each case. The data confirmed the reduced 
abundance of cpDNA in cptk1 and the particularly 
severe deficiency in the rDNA region (Fig. 6C). Strin-
gent filtering for reads potentially mapping to two 
different single-copy regions followed by individual 
sequence alignments identified reads derived from 
rearranged cpDNA genomes, similar to the ones re-
vealed by PCR. Several showed no repeated bases 
or just one at the junction border, suggesting they were 
produced by nonhomologous end joining. Very few 
such junctions were found in sequences derived from 
wild-type plants as compared to cptk1 (Supplemental 
Fig. S8). Importantly, the majority of these sequences in 
cptk1 mapped just upstream of the genomic region that 
is most strongly reduced in abundance, near the rRNA 
transcription unit (Fig. 6D). Thus, our data support the 
conclusion that collapse of cpDNA replication early 
in leaf development in cptk1 mutants leads to broken 
chloroplast genomes that are then repaired by MHMR 
or nonhomologous end-joining pathways. These trun-
cated genomes are deficient in various essential genes 
and are therefore incapable of supporting chloroplast 
biogenesis.
Figure 4. Accumulation of plastidial transcripts in maize cptk1. A, Representative plastidial transcripts were quantified by 
RT-qPCR and normalized against a set of nuclear housekeeping genes. For several genes (psaA, atpA, rpoB, psbA, and rRNA 
23S) two different transcript regions were quantified. Results from the different mutant leaf sectors were compared against 
the corresponding leaf sectors of wild type (WT). The genes are sorted according to their physical location in the cpDNA. B, 
Quantification of transcript abundance in the apical section as compared to the basal section in wild-type leaves. Results are 
the mean ± sd of technical triplicates and are represented in a log2 scale.
Figure 5. Immunoblot analysis of components of various proteins re-
lated to chloroplast functions in cptk1 mutants. Total leaf proteins were 
extracted from the basal leaf section. SSU, small subunit of Rubisco; 
PC, plastocyanin; PCOR, protochlorophyllide oxidoreductase; PsaA, 
PSI reaction center subunit A; PsaD, PSI subunit D; PsbA, PSII pro-
tein D1; LHCII, 26-kD protein from light-harvesting complex II; AtpB, 
β-subunit of ATPase; H3, nuclear histone H3 used as loading control; 
WT, wild type. The Coomassie staining of a replicate gel is shown to 
the right. The center lane contains size standards.
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TKs Are Also Required for Efficient cpDNA Replication 
and Chloroplast Biogenesis in Arabidopsis
To compare the functions of TK in maize and Arabi-
dopsis, we also examined mutants of the two TK genes 
of Arabidopsis. We obtained several T-DNA mutant 
alleles for each gene, which we crossed in different 
combinations (Supplemental Fig. S9). We confirmed 
phenotypes described previously for the double mu-
tants (Clausen et al., 2012; Xu et al., 2015): double mu-
tants segregating from all reciprocal combinations that 
we tested (tk1A-2 tk1B-2, tk1A-2 tk1B-3, tk1B-2 tk1A-3, 
and tk1B-2 tk1A-2) had albino cotyledons and did not 
grow past the cotyledon stage, whereas TK1A/tk1A 
tk1B plants had pale virescent cotyledons and leaves 
but grew to maturity and set seeds. In contrast with 
maize cptk1, fluorescent microscopy showed that the 
albino leaves in Arabidopsis tk1A tk1B mutants includ-
ed a few plastids showing chlorophyll fluorescence; 
TEM confirmed these to be chloroplasts, although 
much fewer in number, smaller in size, and with a 
less-developed membrane system than in wild type. 
Importantly, like in maize cptk1, mitochondria seemed 
morphologically normal (Supplemental Fig. S10).
Figure 6. cpDNAs with large deletions accumulate in cptk1 mutants. A, Amplification of recombined cpDNA sequences by 
PCR using primers mapping far apart in the genome. B, Truncated cpDNA sequences specifically amplified from cptk1 result-
ing from microhomology-mediated repair processes. The cpDNA region analyzed is represented above, with the IRs (IRA and 
IRB), SSC, and part of the LSC regions. Scale bar (10 kb) is shown. Primers used for amplification in different combinations are 
indicated by the black arrowheads. The regions deleted in each sequence are represented, with the small repeats found at the 
junction borders. Coordinates on the genome are indicated on the left. (C) Coverage of reads mapped to the cpDNA following 
deep-sequencing of total DNA from wild-type (WT) and cptk1 leaves. The range is indicated on the upper left of the plots. D, 
Reads identified as corresponding to rearranged cpDNA molecules and their distribution among different genomic regions.
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Quantification of mtDNA in small seedlings of the 
single Arabidopsis mutants showed little or no effect 
on the abundance of mtDNA (Fig. 7A). However, mtD-
NA was slightly reduced in the double mutant tk1A 
tk1B. Like in maize cptk1, the loss of TKs in Arabidop-
sis impacted the replication of the cpDNA, with up to 
7-fold reductions in cpDNA copy number in the tk1A 
tk1B double mutant. We also assayed the stoichiom-
etry of cpDNA sequences along the genome in tk1A 
tk1B by qPCR, using a set of 27 primer pairs spaced 
roughly 5 kb apart. A gradient in copy number along 
the genome was more pronounced in the double mu-
tant but was also visible in TK1A/tk1A tk1B (Fig. 7B). 
This gradient had a maximum in the IR region, consis-
tent with the idea that replication origins map close to 
the rRNA genes, as described for other eudicots (Chiu 
and Sears, 1992; Lu et al., 1996; Kunnimalaiyaan and 
Nielsen, 1997; Oldenburg and Bendich, 2004, 2016; Day 
and Madesis, 2007). A minimum in the GC skew plot 
of the Arabidopsis cpDNA was also found upstream 
of the rpoB operon, but contrarily to maize cptk1, there 
was no evidence that replication initiated from that 
locus in the Arabidopsis mutants. Because tk1A tk1B 
double mutants were delayed in growth compared 
to wild type, they were compared to slightly younger 
wild-type seedlings (7 d after germination [DAG] for 
tk1A tk1B versus 3 DAG for wild type). As a control, 
we verified that there was no difference in the data 
obtained for 7 DAG and 3 DAG seedlings in the wild 
type (Fig. 7B).
At the transcriptome level, RT-qPCR results for the 
tk1A tk1B double mutants were analogous to those 
for the maize cptk1 mutant: in particular, there was 
an overall reduction of rRNAs and mRNAs encoding 
photosynthesis subunits and milder effects or some 
increase in RNAs transcribed by NEP (Fig. 7C). Simi-
lar to maize, in Arabidopsis there was no relationship 
between changes in transcript accumulation and the 
reduction in cpDNA copy numbers. A slight decrease 
in plastidial transcripts was also observed in TKA1/
tk1A tk1B but much less than in the double homozy-
gote mutant. At the protein level, a strong reduction of 
plastidial proteins was observed in the albino homo-
zygous tk1A tk1B double mutant, although all tested 
proteins were detected (Fig. 7D), unlike in maize cptk1. 
These results are consistent with the microscopy data 
showing a few chlorophyll-containing chloroplasts in 
Arabidopsis tk1A tk1B. In agreement with the mild 
effect of the TKA1/tk1A tk1B mutation on the abundance 
of plastidial transcripts, we could not detect any reduc-
tion in chloroplast proteins in this mutant.
To test the effect of replication stress on the phys-
iological manifestations of TK depletion, we treated 
the plants with ciprofloxacin (CIP), an inhibitor of 
the DNA gyrase that is targeted only to organelles in 
plants (Wall et al., 2004). CIP has a major effect on plas-
tid development and recombination (Evans-Roberts et 
al., 2016) and its effect is exacerbated in mutants defi-
cient in repair by recombination (Maréchal et al., 2009; 
Janicka et al., 2012). In wild-type and tk1A plants, the 
major effect of CIP was on the replication of the IR and 
SSC regions, with a clear 2-fold decrease in replication 
efficiency in the region of the rRNA genes; copy num-
bers of genes in the LSC region showed little if any 
change (Fig. 7E). However, in tk1B plants there was a 
major effect of CIP on overall cpDNA copy number, 
but still much reduced replication of the IRs and SSC 
regions. These results confirm that TK1B has important 
roles not only in plastidial genome replication but also 
in cpDNA repair.
DISCUSSION
The importance of the salvage pathway in the rep-
lication of organellar genomes in plants is poorly under-
stood. The only prior reports addressing this issue 
involve an analysis of a mutant lacking ribonucleotide 
reductase. This mutation has a major effect on chloro-
plast biogenesis, with a more pronounced effect on the 
replication of the cpDNA than on the nuclear genome 
(Garton et al., 2007) and also affects the programmed 
degradation of the cpDNA during pollen development 
(Tang et al., 2012). Here, we show that in maize, the 
salvage pathway that depends on CPTK1 is essential 
for efficient cpDNA replication and chloroplast bio-
genesis. In Arabidopsis, the partial redundancy of the 
two TK1-type TKs has been demonstrated previously, 
and the albino phenotype of the double mutant had 
implied their importance in the development of plas-
tids. We further show here that the main effect of the 
tk1A tk1B double mutation is on the replication of the 
plastidial (as opposed to the mitochondrial) genome.
The evolutionary origin of the different plant TK1 
genes is complex. The conservation of intron positions 
between the single TK of Poaceae (CPTK1 in maize) and 
TK1A of eudicots shows that they are derived from the 
same ancestor. This ancestral protein was likely target-
ed to organelles, and it was probably after the duplica-
tion that gave rise to TK1B that TK1A lost its organellar 
targeting sequence. The mitochondrial and/or plastid-
ial location of plant organellar TK1 remains controver-
sial. Our data show unambiguously that maize CPTK1 
localizes to both chloroplasts and mitochondria. By 
contrast, a sole mitochondrial location was described 
for Arabidopsis TK1B (Xu et al., 2015). However, tar-
geting predictions and our transient expression results 
suggest that TK1B is also targeted to plastids. At pres-
ent, we cannot explain these apparently contradictory 
results. Furthermore, the major effects of TK1 deficien-
cy are in the chloroplast in Arabidopsis, as in maize. 
No meaningful change in mtDNA copy number was 
detected in maize cptk1 mutants, and only a slight de-
crease in mtDNA was observed in Arabidopsis tk1A 
tk1B double mutants. Moreover, mitochondrial mor-
phology appeared normal in TEM images in mutants 
from both species. This implies that mtDNA replica-
tion can be supported by dTMP provided by de novo 
synthesis. By contrast, the major decrease observed in 
cpDNA copy number in maize and Arabidopsis reveals 
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that replication of the cpDNA requires the salvage 
pathway. This requirement is likely due to the high 
demand for DNA synthesis inside developing chloro-
plasts: plastid DNA is rapidly amplified after germina-
tion and constitutes a large proportion of the cellular 
DNA in developed leaf tissue.
The loss of TK1 has remarkable effects on the dynam-
ics of cpDNA replication, both in maize and Arabidopsis. 
The reduction in copy number is differential along the 
genome, and in maize cptk1 there is a distinct gradient 
in copy numbers, with a minimum at the SSC region 
and a maximum in the region upstream of rpoB in the 
LSC region. Such differential DNA replication presum-
ably results from low dTTP concentrations that cause 
slowing, pausing, or abortion of DNA polymerase pro-
gression. Maximum sequence copy number should 
Figure 7. Effect of Arabidopsis tk1 mutants on cpDNA abundance and expression. A, Copy number quantification of plastidial 
(16S rRNA, clpP, and ndhH) and mitochondrial (18S rRNA, cox2, and atp6) genes in the indicated single and double mutants. 
B, Scanning of Arabidopsis cpDNA for changes in relative abundance of different genome regions, as described in Figure 3 for 
maize. C, Accumulation of plastidial transcripts in Arabidopsis tk1 double mutants. The relative abundances of representative 
transcripts of the Arabidopsis plastidial genome were quantified by RT-qPCR and normalized against a set of nuclear house-
keeping genes. The genes are sorted according to their physical location in the cpDNA. Results are represented in a log2 scale. 
Error bars are standard deviations from two biological replicates. D, Immunodetection of proteins from total seedling extracts 
with antibodies recognizing plastid-encoded and nucleus-encoded chloroplast proteins. 1, wild type; 2, TK1A/tk1A tk1B; 3, 
tk1A tk1B. E, Scanning of the cpDNA showing changes in relative copy numbers of the different genome regions between un-
treated and CIP-treated (0.75 µm) plants. Values in A, B, C, and E are the mean ± sd of technical triplicates.
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then map to the locus where replication is reinitiated. 
Surprisingly, in maize cptk1, that locus differs from 
the proposed replication origins mapped in sever-
al flowering plants in the IRs of the cpDNA (IRA and 
IRB), close to rRNA gene sequences (Chiu and Sears, 
1992; Lu et al., 1996; Kunnimalaiyaan and Nielsen, 
1997; Oldenburg and Bendich, 2004; Day and Madesis, 
2007). These putative promoter regions often coincide 
with the extremities of linear cpDNA molecules that 
were mapped both in maize and tobacco (Nicotiana ta-
bacum; Oldenburg and Bendich, 2004, 2016; Scharff and 
Koop, 2006). However, targeted inactivation of these 
replication origins in transplastomic tobacco gave vi-
able plants (Mühlbauer et al., 2002; Scharff and Koop, 
2007), implying that there are additional origins of 
replication and/or alternative mechanisms of plastid 
DNA replication that can be recruited. The existence 
of alternative mechanisms of cpDNA replication was 
originally revealed by electron microscope observa-
tion of maize and pea (Pisum sativum) cpDNA, which 
showed both Cairns and rolling-circle intermediates of 
replication (Kolodner and Tewari, 1975). Our observa-
tions suggest that in cptk1 plants, there is indeed an al-
ternative replication origin that is preferentially used. 
A possible scenario is that early in leaf development in 
cptk1, because of replication arrests due to low nucle-
otide concentrations, there is reinitiation of replication 
at ectopic locations, resulting in the accumulation of 
truncated genomes, most of which are deleted for the 
canonical replication origins. The fact that the copy 
number gradient present in the basal section is seen 
also at the leaf tip suggests that cpDNA replication is 
less dependent on the salvage pathway later in leaf de-
velopment, such that the truncated genomes generated 
early on are propagated using an alternative replica-
tion origin.
Interestingly, there is a relationship between cpDNA 
regions that are rapidly transcribed and the regions 
where replication apparently initiates. It is tempt-
ing to speculate that high transcription activity is 
necessary to locally melt the DNA molecule and re-
cruit the chloroplast replisome and/or to synthesize 
RNA primers. In bacteria, it has been shown that cells 
lacking the origin of replication oriC or chromosom-
al replication initiator protein (DnaA) can survive by 
means of a pathway called constitutive stable DNA 
replication, which involves transcription-associated 
R-loops that act as primers for DNA synthesis and es-
tablishment of new replication forks (Kogoma, 1997; 
Gowrishankar, 2015). R-loops similarly initiate the 
replication of ColE1 plasmids (Fukuoh et al., 1997) 
and of the human mitochondrial genome (Shadel and 
Clayton, 1997). In chloroplasts of wild-type plants and 
in developed tissues it could be that plastid-encoded 
RNA polymerase-mediated transcription of the rRNA 
genes provides synthesis of primers for replication. 
In cptk1 it could be the high activity of the NEP at 
the rpoB operon that promotes replication initiation 
under conditions that trigger retrograde activation of 
rpo transcription.
In Arabidopsis, the loss of TKs also has a dramatic 
effect on cpDNA replication. However, the gradient in 
copy number is less pronounced than in maize, and 
it peaks at the expected region of replication initiation 
in the IR. This suggests that pausing in replication is 
less deleterious than in maize and that the replication 
complex is able to restart without loss of genomic in-
formation. Maintenance of the organellar genomes of 
Arabidopsis relies on two DNA polymerases that are 
redundant for replication functions, while one is pref-
erentially required for repair (Parent et al., 2011). They 
have been shown to have remarkable capability to by-
pass apurinic/apyrimidinic DNA lesions, an activity 
that could be important in preventing replication fork 
collapse when the polymerase meets such unrepaired 
lesions (Baruch-Torres and Brieba, 2017). In maize, 
however, the product of the w2 gene seems to be the 
sole enzyme responsible for cpDNA replication (Udy et 
al., 2012). It is possible that either one or both organel-
lar DNA polymerases of Arabidopsis are less sensitive 
to low nucleotide concentrations than is the plastidial 
DNA polymerase of maize. As a consequence, there is 
still some gene expression and translation in the few 
remaining plastids of Arabidopsis tk1A tk1B.
The process by which truncated cpDNA molecules 
accumulate in cptk1 seems to be linked to repair pathways 
that rely on micro sequence homologies to reprime 
replication, known as MHMR or microhomology- 
mediated break-induced replication (Hastings et al., 
2009). MHMR has been shown to be a predominant 
pathway of repair in plant chloroplasts. In Arabidop-
sis, it was shown that specific cleavage of the cpDNA 
with a plastid targeted I-CreII endonuclease leads to 
repair of the specific double-strand break by MHMR 
(Kwon et al., 2010). Plastid and mitochondrial Ara-
bidopsis genomes rearranged by MHMR were also 
revealed in mutants that affect organellar genome 
maintenance (Maréchal et al., 2009; Parent et al., 2011; 
Janicka et al., 2012). A genome-wide analysis of such 
type of events further suggested that short-range 
U-turn-like inversions could be the major outcome of 
replication-dependent repair processes in Arabidopsis 
plastids (Zampini et al., 2015). Because of the two 
alternative isomeric configurations of the cpDNA gen-
erated by recombination between the IR regions, our 
results cannot distinguish between the possibilities 
that the rearranged sequences in cptk1 result from a 
long-range deletion involving sequence microhomolo-
gies in direct orientation across the SSC and the second 
IR copy, as represented in Figure 6, or from short range 
U-turn inversion of replication involving sequences in-
versely oriented in the genome. But whatever the pro-
cess, the outcome would be the same, which is the loss 
of the nonreplicated cpDNA sequences.
The effects of replication stress on cpDNA also 
elucidate aspects of cpDNA replication. Reduced 
dNTPs in tk1 mutants, reduced DNA polymerase in 
w2, or gyrase inhibition in CIP-treated Arabidopsis all 
resulted in reduction of the rRNA gene sequences and 
of the entire SSC region. The likely explanation is that 
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replication of the cpDNA proceeds bidirectionally, with 
one replication fork progressing from the IR region 
into the LSC and another into the SSC. The preferen-
tial loss of SSC sequences suggests that these are more 
prone to pausing and/or collapse in replication stress 
conditions. It is possible that the highly transcribed 
rRNA genes trigger transcription-replication conflicts 
in conditions of suboptimal fork progression, but this 
remains speculative. These are important questions for 
future work.
MATERIALS AND METHODS
Plant Material
The cptk1 mutation arose in maize (Zea mays) lines harboring active Mu 
transposons. Heterozygotes were crossed to inbred lines, and the F1 progeny 
were self-pollinated to recover ears segregating homozygous mutants. DNA 
was isolated from mutant individuals from each of four F2 ears and ana-
lyzed by Mu-Illumina sequencing to map all of the Mu insertions in each 
plant (Williams-Carrier et al., 2010). An insertion in GRMZM2G048821 (B73 
RefGen_v3) was found in all six of the mutant individuals shown in the ped-
igree in Figure 1. Subsequent gene-specific PCR showed this insertion to be 
absent from closely related +/+ ears and that phenotypically normal plants on 
ears segregating cptk1 were either +/+ or +/− (Supplemental Fig. S1).
For phenotypic analyses, maize plants were grown in a growth chamber 
under 16 h light/8 h dark photoperiod. Tissue was harvested from the second 
leaf when the third leaf was beginning to emerge from the whorl. The second 
leaf was divided into basal, middle, and apical sections (see Supplemental Fig. 
S6). Material from three individuals was pooled and used for DNA, RNA, and 
protein extractions, as previously described (Udy et al., 2012).
RNA was extracted using TRI Reagent (Molecular Research Centre) and 
samples were depleted from contaminating genomic DNA by treatment with 
RQ1 RNase-free DNase (Promega). For RT-qPCR experiments, 3 µg of RNA 
were reverse-transcribed with Superscript III Reverse Transcriptase (Life 
Technologies) according to the manufacturer’s protocol using random hex-
amers. For immunoblots, total leaf proteins were extracted in the presence 
of 2% (w/v) sodium dodecyl sulfate and 4 m urea and precipitated with 
methanol-chloroform before sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis fractionation and transfer to Immobilon-P membranes. Chemilu-
minescence was detected and quantified with a Fusion-FX7 camera system 
(Vilber Lourmat).
Arabidopsis (Arabidopsis thaliana) T-DNA insertion mutant lines, all in the 
Col-0 background, were obtained from the Nottingham Arabidopsis Stock 
Centre (tk1A-1 [SALK_097767], tk1A-2 [GK-401F10], tk1A-3 [SALK_094632], 
tk1B-1 [SALK_074256], tk1B-2 [GK-143D03], tk1B-3 [GK-457H01]). Plant geno-
types were determined by PCR using gene and T-DNA specific primers. Seeds 
were stratified for 3 days at 4°C and plants were grown on soil or on MS255 
medium (Duchefa) supplemented with 1% (w/v) Suc at 22°C. Seeds were cul-
tivated in vitro, and young seedlings were selected according to their charac-
teristic phenotypes of pale green and albino cotyledons, respectively. RNA, 
DNA, and proteins were extracted from the same samples. For the replicative 
stress assay, surface-sterilized seeds were spread on plates supplemented with 
different concentrations of CIP (Sigma-Aldrich). DNA was extracted using the 
cetyltrimethylammonium bromide method (Murray and Thompson, 1980).
Phylogenetic and Bioinformatics Analysis
Bacterial and plant sequences were identified in the databases by BLASTP 
and TBLASTN with maize and Arabidopsis sequences as queries. Alignments 
were constructed with ClustalW implemented in the Macvector package using 
the GonneT matrix. Phylogenetic trees were built with PhyML v3.1 online soft-
ware (www.phylogeny.fr) using the neighbor-joining method implemented in 
the BioNJ program. Graphical representations were performed with TreeDyn 
(v198.3). Subcellular targeting predictions were obtained with TargetP, Pre-
dotar, and MultiLoc2 (http://urgi.versailles.inra.fr/predotar/predotar.html, 
http://www.cbs.dtu.dk/services/TargetP, http://abi.inf.uni-tuebingen.de/
Services/MultiLoc2). GC skew plots were calculated with GCSkew (http://
genskew.csb.univie.ac.at/).
Sequencing
Total DNA of the upper leaf sections of wild-type and cptk1 plants was 
quantified with a QuBit Fluorometer (Life Technologies). Libraries were pre-
pared with the Nextera XT Library Prep Kit according to manufacturer’s 
recommendations (Illumina) using 1 ng of each DNA sample. Final libraries 
were quantified with the QuBit Fluorometer (Life Technologies), checked on 
a Bioanalyzer 2100 (Agilent) and sequenced on a Illumina Miseq system (2 × 
150 paired end reads).
Intracellular Localization
Sequences encoding the maize CPTK1 and Arabidopsis TK1B were cloned 
into the pUCAP-GFP vector, upstream and in frame with eGFP. Young leaves 
of Nicotiana benthamiana and onion (Allium cepa) epidermal cells were trans-
fected by bombardment with a Biolistic PDS-1000/He System (Bio-Rad). The 
pCKmRFP plasmid (Vermel et al., 2002), which encodes mitochondrial-targeted 
RFP, was cotransfected. After 24 h, the fluorescence of GFP and chlorophyll 
was observed at 505 to 540 nm and beyond 650 nm, respectively, after exci-
tation at 488 nm on a Zeiss LSM700 confocal microscope. The DsRED fluores-
cence was excited at 555 nm and observed at 560 to 615 nm.
Measure of TK Activity
TK enzymatic activity was determined mainly as described in Pedro-
za-García et al. (2015). Soluble proteins from the second leaf of wild-type 
and cptk1 individual plants were extracted in extraction buffer (70 mm Tris-
HCl, pH 7.5, 1 mm MgCl2, 25 mm KCl, 5 mm EDTA, 5% gycerol, 15 mm 
β-mercaptoethanol, 0.1% Triton X-100, complete protease inhibitor cocktail 
[Roche]). After grinding, the mix was centrifuged at 15,000g for 10 min, and 
the soluble protein concentration quantified by Bradford (Bio-Rad protein as-
say reagent). For the activity test, a reaction mix of 0.5 mL containing 100 mm Tris-
HCl, pH 7.5, 10 mm MgCl2, 10 mm NaF, 10 mm ATP, 2 mm β-mercaptoethanol, 
150 μg of soluble protein extract, and 2 µm [methyl-3H]-thymidine was incu-
bated at 37°C for 90 min. At the end of the reaction, 5 volumes of precipitation 
solution (100 mm LaCl3; 5 mm triethanolamine) were added and the precipitate 
was collected by centrifugation at 2,000g for 10 min. After three washing steps 
with precipitation solution, the precipitate was dissolved in 200 μL of 50 mm 
HCl, added to 3 mL scintillation liquid, and radioactivity quantified on a Beckman 
LS 6500 scintillation counter. The background of nonspecific radioactivity was 
determined for the wild-type extract without incubation.
qPCR Analysis
qPCR experiments were performed in a LightCycler480 (Roche) in a total 
volume of 6 µL containing 0.5 mm of each specific primer and 3 µL of SYBR 
Green I Master Mix (Roche Applied Science). The thermocycling program was 
as follows: a 7-min denaturing step at 95°C followed by 40 cycles of 10 s at 
95°C, 15 s at 60°C, and 15 s at 72°C. The second derivative maximum method 
was used to determine Cp values, and PCR efficiencies were determined from 
DNA serial dilution curves or using LinRegPCR software (http://LinRegPCR.
nl). Three technical replicates were performed for each experiment. Results of 
qPCR and RT-qPCR analysis of maize and Arabidopsis sequences were stan-
dardized as previously described (Udy et al., 2012; Wallet et al., 2015). Quanti-
fication of cpDNA copy numbers used a set of primer pairs located along the 
organellar genomes whose sequences and coordinates are given in Supple-
mental Table S1.
TEM
Leaf tissue samples were fixed overnight in 3% glutaraldehyde, then treat-
ed for 2 h with 10% (w/v) picric acid, 2 h with 2% uranyl acetate, and stained 
with 0.1% (v/v) osmium tetroxide in 150 mm phosphate buffer, pH 7.2. Sam-
ples were dehydrated through an ethanol series and infiltrated with EPON812 
medium-grade resin (Polysciences). Polymerization was done for 48 h at 60°C. 
Ultrathin sections (70 mm) were cut with an Ultracut E microtome (Reichert) 
and collected on grids coated with formvar (Electron Microscopy Sciences). 
Samples were visualized with a Hitachi H-600 electron microscope operating 
at 75 kV. 
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